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Abstract
Background: The goal of our study was to investigate the molecular underpinnings associated with the relatively 
aggressive clinical behavior of prostate cancer (PCa) in African American (AA) compared to Caucasian American (CA) 
patients using a genome-wide approach.
Methods: AA and CA patients treated with radical prostatectomy (RP) were frequency matched for age at RP, Gleason 
grade, and tumor stage. Array-CGH (BAC SpectralChip2600) was used to identify genomic regions with significantly 
different DNA copy number between the groups. Gene expression profiling of the same set of tumors was also 
evaluated using Affymetrix HG-U133 Plus 2.0 arrays. Concordance between copy number alteration and gene 
expression was examined. A second aCGH analysis was performed in a larger validation cohort using an oligo-based 
platform (Agilent 244K).
Results: BAC-based array identified 27 chromosomal regions with significantly different copy number changes 
between the AA and CA tumors in the first cohort (Fisher's exact test, P < 0.05). Copy number alterations in these 27 
regions were also significantly associated with gene expression changes. aCGH performed in a larger, independent 
cohort of AA and CA tumors validated 4 of the 27 (15%) most significantly altered regions from the initial analysis (3q26, 
5p15-p14, 14q32, and 16p11). Functional annotation of overlapping genes within the 4 validated regions of AA/CA 
DNA copy number changes revealed significant enrichment of genes related to immune response.
Conclusions: Our data reveal molecular alterations at the level of gene expression and DNA copy number that are 
specific to African American and Caucasian prostate cancer and may be related to underlying differences in immune 
response.
Background
African Americans (AA) have a higher incidence of pros-
tate cancer (PCa) and a higher mortality from the disease
compared to age-matched Caucasians (CA)[1-4]. It
remains controversial, however, whether these inequali-
ties are solely attributable to socio-economic variables or
if genetic and/or molecular differences also play a signifi-
cant role [5-10]. We previously reported that between
1990 and 2000, the disparity between racial groups with
regard to both pathologic stage and age at RP diminished
significantly among patients treated at the Manhattan
Veteran's Hospital, an equal access to care institution[11].
Disparity in Gleason score, however, a characteristic
believed to be more reflective of tumor biology and less
reflective of screening efforts, remained stable over the
same period of time. Our data also suggest that socioeco-
nomic factors play a limited role in PSA recurrence
among AA men treated with RP[12]. Both of our investi-
gations as well as those by other groups showing differ-
ences in gene expression and single nucleotide
polymorphisms in genes related to the androgen recep-
tor[13-16], growth factors[17-19], and apoptosis[20] sup-
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port the possibility that disparities in outcome between
AA and CA PCa patients may have an underlying molec-
ular or genetic component.
Molecularly targeted, patient-specific therapy applied
earlier in the disease course has the potential to improve
survival for both AA and CA PCa patients. The develop-
ment of such therapies, however, first requires an accu-
rate characterization of the molecular pathways involved
in tumorigenesis. If the observed racial disparities in PCa
are the result of distinct alterations in tumor biology, it
follows that the appropriate molecular target for each
group may be different. An improved understanding of
these alterations is a prerequisite for the development of
effective, patient-specific, molecularly targeted therapy
for both patient groups.
We examined both DNA copy number changes and
gene expression profiles in a cohort of AA and CA PCa
patients using BAC-based array comparative genomic
hybridization (aCGH), oligo-based aCGH, and gene
expression array. Our goal was to identify AA/CA-spe-
cific changes in DNA copy number and mRNA expres-
sion that might contribute to the relatively aggressive
phenotype associated with AA prostate cancer. Using this
genome-wide approach, we identified distinct regions of
D N A  c o p y  n u m b e r  g a i n  a n d  l o s s  i n  A A  v e r s u s  C A
tumors, a subset of which were validated in a larger, inde-
pendent cohort. The altered DNA copy changes were
concordant with gene expression, and thus may be of par-
ticular biologic relevance. Our results suggest that molec-
ular differences may contribute to PCa health disparities.
Methods
Patient population
The DNA copy number analyses consisted of PCa
patients (n = 41) treated with radical prostatectomy (RP)
at Memorial Sloan-Kettering Cancer Center (MSKCC,
New York, NY). Twenty AA patients were frequency
matched with 21 CA patients for age, PSA, stage and
Gleason score to the extent possible. Gene expression
profiling was also performed on 33 tumors from this
same cohort (RNA isolated from 19 AA and 14 CA
passed the QC for array hybridization). The study was
approved by the Institutional Review Board of MSKCC.
Sample evaluation
Prostatic tissues were obtained from RP specimens per-
f o r m e d  a s  p a r t  o f  r o u t i n e  c l i n i c a l  m a n a g e m e n t  a t
MSKCC. Tissues were snap-frozen in liquid nitrogen and
stored at -80°C. Samples were examined using hematoxy-
lin and eosin-stained cryostat sections. An experienced
genitourinary pathologist (WLG) manually dissected
non-neoplastic tissue. Samples included for analysis con-
tained 60-80% PCa cell nuclei.
BAC-based aCGH
The Spectral Chip 2600 (Spectral Genomics Houston,
TX), a BAC-based array CGH platform, was used to iden-
tify chromosomal alterations in the first cohort of tumors
(AA = 20, CA = 21). Genomic DNA was extracted from
OCT-embedded specimens as previously described[21].
Karyotypically normal female DNA was used as the refer-
ence DNA (Promega, Madison, WI). Restriction and
labeling of DNA was performed by Spectral Genomics
according to manufacturer protocol. Briefly, 2 μg of DNA
was digested with EcoRI or DpnII (10 U/μg) at 37°C for 16
hours. DNA was purified and each sample separately
labeled with cyanine-5 (Cy5) and cyanine-3 (Cy3) dCTPs.
Labeled test and reference DNAs were mixed, co-precipi-
tated with isopropanol, washed, and resuspended in
hybridization solution. DNA mixtures were denatured at
72°C for 10 minutes, prehybridized at 37°C for 30 min-
utes, and co-hybridized to the arrays with cover slips for
16 or more hours at 37°C. All clones were represented on
the respective array in duplicate.
Oligo-based aCGH
As part of a separate ongoing study of 28 AA and 180 CA
patients at MSKCC, aCGH was performed using the Agi-
lent 244K oligonucleotide array containing 244,000
probes with an average spatial resolution of ~ 9 kb (Agi-
lent Santa Clara, CA). As in the BAC-array, 2 μg of gDNA
was labeled and hybridized to the array using the stan-
dard oligonucleotide aCGH protocol as per the manufac-
turer.
Gene expression profiling
RNA was isolated from 19 AA and 14 CA tumors (from
the initial cohort of 20AA and 21CA utilized for BAC-
based aCGH) and hybridized to the Affymetrix HG-
U133-Plus 2 arrays as per the manufacturer protocol.
Array data were normalized using the robust multichip
average (RMA).
Statistical Analysis
The methodologies used for these analyses are briefly
summarized below. The effective sample sizes for Steps 1
and 2 were 20 AA and 21 CA patients, while 19 AA and
14 CA patients were used for Step 3. Hierarchically clus-
tering of the 19 AA and 14 CA patients was performed
using the average linkage method.
Step 1: Identifying genome-wide copy number changes in 
each patient
Circular binary segmentation (CBS)[22] was used to seg-
ment the genome of each patient into regions having
homogeneous copy number. These were classified into
segments exhibiting copy number gain, normal copy
number and copy number loss. For each tumor sample,
the average and standard deviation of the segment inten-Rose et al. Journal of Translational Medicine 2010, 8:70
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sities were obtained. Any segment having intensity
exceeding (or smaller than) the average plus (or minus)
2*standard deviation was declared to have copy number
gain (or loss). All other segments were declared to have
normal copy numbers. The BAC array does not contain a
dense set of probes, thus we divided the genome into 552
regions of 5 MB and examined the copy number change
of each patient identified using CBS to record whether
that region had a copy number gain, loss or normal copy
number.
Step 2: Identifying noteworthy genomic regions exhibiting 
significant copy number differences in AA versus CA patients
In each 5 MB region, we considered a 3 × 2 table, with the
rows representing number of patients with copy number
gain, copy number loss or normal copy number in that
region and the column representing AA and CA patients.
We compared the copy number changes in the 20 AA
versus 21 CA patients using a Fisher's exact test based on
the 3 × 2 table in each region. We identified regions hav-
ing p-values less than 0.05. Due to the exploratory nature
of our analyses, we did not adjust the p-values for multi-
ple comparisons and prioritized regions having p-value <
0.05 for further investigations.
Step 3: Investigating whether copy number gains or losses are 
associated with gene expression changes
In each noteworthy region, gene expression was com-
pared between AA patients having copy number gain ver-
sus those with normal copy number, and those having
copy number loss versus those with normal copy number.
This analysis was conducted separately for the CA
patients. A two-sample t-test was used for these analyses.
Because the oligo-based arrays consist of a comprehen-
sive set of genes covering a substantial part of the
genome, we adjusted these analyses for multiple compari-
sons, and declared genes having adjusted p-values < 0.05
as statistically significant.
Pathway and Gene Ontology (GO) Analyses
Functional annotation and pathway analysis of overlap-
ping gene lists from significantly altered genomic seg-
ments were preformed using the DAVID Functional
Annotation Tool and Database[23]. A modified, more
c o n s e r v a t i v e  F i s h e r ' s  E x a c t  p - v a l u e ,  o r  E A S E  s c o r e ,  i s
used to determine if there is a significant level of enrich-
ment in the gene set. An EASE score of P < 0.05 was con-
sidered significant using a minimum gene count
threshold of ≥2 and an EASE threshold maximum proba-
bility ≤ 0.1.
Results
Clinicopathologic variables for the initial cohort of 20AA
and 21CA patients are presented in Table 1. The patients
were frequency matched for age, PSA, Gleason score, and
stage to the extent possible. In the initial cohort of patient
specimens utilized for BAC-based aCGH, the profiles
w e r e  s i m i l a r  b e t w e e n  A A  a n d  C A  w i t h  r e g a r d  t o  a g e
(mean 59 years both groups), PSA (mean 8.5AA; 8.3 CA),
pathologic stage, and Gleason score (mean score = 7 in
both groups).
BAC-based aCGH identified 27 significantly different 
regions of chromosomal alteration between AA and CA 
tumors
In the initial cohort of 20AA and 21 CA, BAC-based
array CGH revealed 27 noteworthy regions that displayed
differences in copy number variations between AA and
CA tumors (Figure 1). Of these, 10 regions (3q25-q26,
3q28-q29, 4p14-p12, 9q21, 10q11, 11q14, 12p13, 14q12,
16p11, 20p11-20q11) were more commonly altered in AA
patients compared to CA. 15 regions were more com-
monly altered in CA patients (1p21-p13, 3p26-p25, 3q26,
5q12, 6q21, 8q13, 9q31, 14q32, 15q26, 15q13-q14, 15q24,
17p13, 18p11, 20q13, 22q11), and 2 regions (5p15-p14
and 13q34) were significantly altered in both groups but
in different directions. We did not observe any significant
Table 1: Baseline clinicopathologic variables of African 
American and Caucasian American patients and tumors 
utilized for BAC-based DNA copy number analysis and gene 
expression profiling
African 
American(n = 20)
Caucasian 
American(n = 21)*
Age (years)
50-54 7 (35%) 5 (24%)
55-59 6 (30%) 10 (48%)
60-64 2 (10%) 3 (14%)
≥65 5 (25%) 3 (14%)
PSA
Mean, SD 8.5, 3.5 8.3, 4.0
Range 4-17 3-17
Stage
II 12 (60%) 16 (76%)
≥III 8 (40%) 5 (24%)
Gleason score
<7 3 (15%) 6 (29%)
=7 16 (80%) 11 (52%)
>7 1 (5%) 4 (19%)
*41 tumors were utilized for BAC array (AA = 20, CA = 21); 33 of the 
41 (AA = 19, CA = 14) were also utilized for gene expression.Rose et al. Journal of Translational Medicine 2010, 8:70
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changes between the 2 groups on chromosome 2,7,19, or
21.
oligo-based aCGH identified 23 significantly different 
regions of chromosomal alteration between AA and CA 
tumors
In the larger ongoing study utilizing oligo-based aCGH, a
total of 579 genomic regions exhibited copy number
gains or losses in at least 10% of the AA and CA samples.
We then compared the copy number changes in AA ver-
sus CA patients in these 579 regions and ranked the
regions by increasing order of the p-values. The 23 most
significantly altered regions (represented by 36 probes)
with P-value ≤ 0.0001 are shown in Figure 2. Of these
regions, 9 were more commonly lost in AA patients com-
pared to CA patients (1q31.3, 1q44, 3q26.1, 4q13.2,
5q33.1, 7q35, 11p15.4, 17q21.31, and 20p13), while 12
showed significant gains in AA compared to CA patients
(1p36.13, 5p15.33, 5q35.3, 8p11.23, 14q24.3, 14q32.33,
15q11.2, 16p11.2, 17q12, 17q21.32, 17q25.3, and
21p11.1). Two regions, 6p21.32 and 16q22.3 had both sig-
nificant gains and losses in AA patients compared to CA.
As in the BAC-based analysis, we did not find significant
genomic alterations in chromosomes 2 or 19.
Comparison of the 27 noteworthy identified using the
BAC array with the 23 most significantly altered regions
from the oligo-array revealed 4 chromosomal regions of
overlap: 3q26 (narrowed to 3q26.1 in oligo array), 5p15-
p14 (5p15.33 oligo), 14q32 (14q32.33 oligo), and 16p11
(16p11.2 oligo). Region 3q26 (3q26.1) showed significant
losses in AA tumors compared to CA tumors using both
platforms, while regions 5p15 (5p15.33) and 16p11
(16p11.2) showed significant gains in AA tumors com-
p a r e d  t o  C A  t u m o r s  i n  b o t h  a n a l y s e s .  R e g i o n  1 4 q 3 2
(14q32.33) showed significant gains in the CA tumors
using the BAC-based platform, and significant gains in
the AA tumors using the oligo-based platform.
Gene expression profiling revealed distinct clustering of 
patients by racial group
Hierarchical clustering of 19 AA and 14 CA patients
(from the original cohort of 20AA/21 CA) revealed two
distinct clusters separating AA from CA tumors, with
only 3 patients in each cluster who did not classify cor-
rectly into their respective group (Figure 3). To correlate
gene expression with aCGH, we examined the expression
patterns of the subset of genes located within the 27 note-
worthy locations identified in the BAC-based aCGH anal-
ysis. One example of DNA/RNA correlation is
represented in Figure 4A and 4B. As assessed using
aCGH, cytolocation 5p15-p14 showed copy number
gains in 8 African Americans and copy number loss in 6
Caucasian patients (Figure 4A). Expression analysis of the
subset of genes located at 5p15-p14 revealed a distinct
clustering of genes overexpressed in AA and underex-
pressed in CA tumors (Figure 4B) with only one tumor
Figure 1 BAC-based aCGH of 20 AA and 21 CA prostate tumors revealed 27 significantly altered genomic regions between the two groups.Rose et al. Journal of Translational Medicine 2010, 8:70
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that appears to be misclassified. Thus, the gene expres-
sion profile showed concordance with the copy number
data in that the genes from this region are predominantly
overexpressed in AA but underexpressed in CA tumors.
A similar pattern of correlation was observed in all of the
27 altered regions.
Gene ontology and functional annotation of gene sets in 
the 4 regions of chromosomal overlap revealed over-
representation of pathways related to immunity
Overlapping genes in the 4 chromosomal regions (3q26.1,
5p15.33, 14q32.33, 16p11.2) that were found to be among
the most significantly altered between AA and CA in the
initial cohort of 41 tumors and in the validation cohort of
208 tumors showed significant enrichment of immunol-
ogy-related Gene Ontology (GO) Biologic Process (BP)
t e r m s .  W h e n  r a n k e d  b y  g e n e  c o u n t ,  G O  B P  T e r m
Immune System Processes was the second most enriched
term with a total count of 21 genes from our set, repre-
senting 9% of the total number of genes annotated for the
term (p = 0.007, Figure 5A). When ranked by p-value, the
most significantly enriched terms were neurotransmitter
transport (p = 0.0001), followed by lymphocyte/mononu-
clear cell proliferation (p = 0.0005), T cell activation (p =
0.0009), and T cell proliferation (p = 0.001)(Figure 5B).
Other significantly enriched immunology-related GO BP
Terms included lymphocyte activation (p = 0.002), leuko-
cyte activation (p = 0.004), and integrin-mediated signal-
ing pathways (p = 0.005).
Discussion
The existence of racial disparities in prostate cancer is
generally acknowledged, but the predominant factor
influencing these disparities remains contested. Some
believe that socioeconomic variables are primarily
responsible for the worse outcome in AA PCa
Figure 2 Oligo-based aCGH of 28AA and 180CA prostate tumors revealed 23 unique chromosomal regions (represented by 36 probes) with 
significantly different (P ≤ 0.0001) DNA copy number.Rose et al. Journal of Translational Medicine 2010, 8:70
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patients[24], while others recognize the possibility of bio-
logic heterogeneity in AA versus CA tumorigenesis
[8,11,12]. In the current study, we utilized an integrated
genome wide approach to demonstrate that AA and CA
prostate tumors exhibit molecular differences with regard
to DNA copy number and gene expression. Thus, it is
possible that AA and CA tumors harbor distinct areas of
genomic instability or sensitivity to selective pressures
that results in characteristic DNA copy number altera-
tions. This instability may represent an inherited source
of differential risk or a differential response to environ-
Figure 3 Hierarchical clustering of 19 AA and 14 CA prostate tumors revealed distinct clusters, with only 3 tumors from each group that are 
misclassified.
Figure 4 Correlation between copy number gains in AA tumors (A) and overexpression of a subset of genes in AA tumors at 5p15-p14 (B).Rose et al. Journal of Translational Medicine 2010, 8:70
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mental factors between the two groups that might influ-
ence the outcome of disease.
The results of our integrated genomic analyses are con-
sistent with those from two previous studies that identi-
fied molecular differences between AA and CA prostate
tumors using gene expression profiling[25,26]. Our study
makes the additional finding that DNA copy number
alterations are a likely mechanism for these observed dif-
ferences in gene expression. The gene expression study by
Wallace and colleagues of 69 tumors from AA and CA
patients revealed a relatively short list of 162 transcripts
differentially expressed between the two cohorts[26].
Further analysis resulted in the creation a two-gene clas-
sifier (CRYBB2 and PSPHL) that was able to accurately
separate AA from CA, although the role of these two
genes as drivers of tumorigenesis in AA or CA is unclear
at the present time. Another study of gene expression dif-
ferences between AA and CA tumors identified cell death
regulatory protein TCEAL 7 as differentially overex-
pressed in CA versus AA tumors[25]. This finding led
authors to speculate that TCEAL 7 may play an oncosup-
pressive role that contributes to the relatively aggressive
nature of PCa in AA.
Functional annotation and pathway analysis of genes
mapping to the 4 genomic regions of overlap in our two
independent cohorts revealed significant enrichment for
ontologic annotations related to immune function.
Included among the genes annotated as Immune System
Processes were: IL-27, ITGAL, ITGAM, ITGAD, IGHM,
SPN, LAT, and AKT-1. It is notable that two other pub-
lished, independent gene expression profiling studies also
noted enrichment of immune-related genes in their com-
parison of AA and CA tumors [25,26]. Specifically,
immunoglobulin heavy constant mu (IGHM), which
maps to 14q32.33, was one of the top 20 genes with
higher expression in AA compared to CA tumors in the
Figure 5 Functional annotation analysis of genes contained within the 4 chromosomal regions that were significantly altered in both the 
BAC-based aCGH of AA and CA tumors (N = 41) and the oligo-based aCGH of the independent cohort (N = 208). Genes contained within re-
gions 3q26.1, 5p15.33, 14q32.33, and 16p11.2 revealed significant enrichment of immune-related genes when ranked by both gene count (5A) and 
by p-value (5B).Rose et al. Journal of Translational Medicine 2010, 8:70
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study by Wallace[26]. The list of differentially expressed
genes reported in the Reams study showed significant
enrichment of pathways related to interleukins[25].
Taken together, data suggest that differences in host
immunity may influence the natural history of PCa in AA
and CA patients, and our results show that these differ-
ences are likely present in the cancer genome.
These findings are particularly relevant in light of the
recent emergence of immunotherapy as a potential treat-
ment for PCa. A dendritic cell vaccine has gained
approval by the Food and Drug Administration (FDA) for
use in hormone refractory metastatic prostate cancer
patients, and the first phase I trial of a hybrid peptide vac-
cine as adjuvant therapy for metastatic and non meta-
static patients with was recently completed[27,28]. Based
on our genomic analysis of AA and CA tumors, it is pos-
sible that AA and CA patients might respond differently
to immuno-based therapies. As the use of immunother-
apy expands to include a larger population of both pri-
mary and metastatic PCa patients, it will be important to
consider how differences in host immunity might influ-
ence the response to therapy or the molecular readouts of
treatment activity such as T cell proliferation.
The large range of chromosomal alterations observed
in solid tumors have in the past made it difficult to iden-
tify a signature of alterations that are common in prostate
cancer in the way that characteristic changes have been
identified in lymphoid malignancies. Without such a sig-
nature, there is no basis for devising molecular targets for
treatment, diagnosis, or prognostication that can be con-
sistently used for specific groups of patients. It is note-
worthy that in our study, 4 genomic regions were
reproduced in an independent group of tumors using a
different platform. Two of these regions (5p15.33 and
16p11.2) have been previously reported as common areas
of genomic gain in prostate cancer . In one series of 18
prostate cancer cell lines and xenografts, 39% of samples
had copy number gain at 5p15.33 and 39% had gains at
16p12.2-p11.2[29]. As in our study, the authors were able
to demonstrate concordance between copy number gain
and gene overexpression, most notably in genes mapping
16p12.2-p11.2 (RBBP6, RGS11, and RABEP2). RABEP2
maps to 16p11.2 and is a GTPase binding effector protein
that has not been previously associated with PCa. The
finding of copy number gains at 16p11.2 and overexpres-
sion of RABEP2 in this previous study of PCa cell lines
and in our current study of human PCa tissues is reassur-
ing of the validity of the data.
Both array CGH and gene expression arrays are meth-
odologies with relatively high false positive rates. Correla-
t i o n  o f  D N A  c o p y  n u m b e r  a n d  g e n e  e x p r e s s i o n  d a t a
enables one to filter out many false positive results and
provides a basis for correlating gene expression changes
with a specific altered genomic mechanism. In this
regard, we report a high concordance between DNA copy
number and gene expression in all of the 27 most signifi-
cantly altered genomic regions between AA and CA pros-
tate tumors. Lower concordance rates observed in other
studies[30] may reflect differences in the regulation of
expression of the genes observed in those studies or may
be reflective of the greater difficulty inherent in working
with RNA leading to artifacts. In our study, we prioritized
sets of genes for pathway analysis based on the chromo-
somal regions that differentially affected AA and CA
tumors in two independent patient cohorts. Of note,
14q32 was gained in CA patients in the initial cohort but
gained in AA patients in the validation cohort. This dis-
crepancy might be due to differences in the resolution
and genomic region coverage of the BAC-based and
oligo-based array platforms. It is possible that the BAC
array missed the more focal copy number gain detected
in the AA tumors by oligo-array. The published data
showing that IGHM, which maps to 14q32.33, is signifi-
cantly overexpressed in AA tumors[26] lend support to
our oligo-based array finding that 14q32.33 shows signifi-
cant copy number gains in AA tumors.
In conclusion, our study reveals molecular differences
that characterize AA and CA PCa tumorigenesis. Path-
way analysis revealed significant over-representation of
inflammation and immunobiology-related genes. Further
studies are warranted to adequately assess the clinical
implications of these observed differences.
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